Charge variants are important attributes of monoclonal antibodies, including antibody-drug conjugates (ADCs), because charge variants can potentially influence the stability and biological activity of these molecules. Ion exchange chromatography (IEX) is widely used for charge variants analysis of mAbs and offers the feasibility of fractionation for in-depth characterization. However, the conjugated linker-drug on ADCs could potentially affect the separation performance of IEX, considering IEX separation relies on surface charge distribution of analyte and involves the interaction between analyte surface and IEX stationary phase. Here, we investigated weak cation exchange chromatography (WCX) for its application in analyzing three ADCs (two broad distribution ADCs and an ADC with controlled conjugation sites) and the 2-drug/4-drug loaded species isolated from the two broad distribution ADCs using hydrophobic interaction chromatography. The major peaks in WCX profile were characterized via fraction collection followed by capillary electrophoresis-sodium dodecyl sulfate or peptide mapping. Results suggested that both the number of drug loads and conjugation sites could impact WCX separation of an ADC. The hypothesis was that the linker drugs could interfere with the ionic interaction between its surrounding amino acids on the mAb surface and column resin, which reduced the retention of ADCs on WCX column in this study. Our results further revealed that WCX brings good selectivity towards positional isomers, but limited resolution for different drug load, which causes the peak compositions of the two broad-distribution ADCs to be highly complex. We also compared results from WCX and imaged capillary isoelectric focusing (icIEF). Results showed that separation in icIEF was less influenced by conjugated linker drugs for the ADCs studied in this work, and better alignment was found between the two techniques for the ADC with controlled conjugate sites. Overall, this work provides insights into the complexity of WCX analysis of ADCs, which should be considered during method development and sample characterization.
Introduction
Antibody-drug conjugates (ADCs) for cancer have recently become the focus of intense research and development efforts. ADC technology combines the advantage of the specificity of a monoclonal antibody (mAb) and the potency of a cytotoxic agent. The cytotoxic agents are usually linked covalently to the cysteine or lysine residue of a mAb via a chemical linker to form an ADC. For cysteine-linked ADCs, one common approach involves a two-step reaction. First, the interchain disulfide bonds are cleaved into free cysteines by partial reduction, and then cytotoxic drugs are conjugated to the antibody via a thiolmaleimide reaction. 1, 2 Due to the complexity of this reaction and microheterogeneity of an antibody, a highly heterogeneous ADC molecule is expected, containing species not only with different numbers of drug loads but also with different conjugation sites. Non-reduced capillary electrophoresis-sodium dodecyl sulfate (CE-SDS), peptide mapping and middle-up liquid chromatography-mass spectrometry (LC-MS) analysis are commonly used techniques to identify conjugation sites in ADCs. [2] [3] [4] [5] The possible positional isomers of ADCs conjugated using interchain disulfide bonds are illustrated in Table 1 .
Charge heterogeneity is an important attribute for mAbs since it may affect both their in vitro and in vivo properties, and therefore characterization or comparability data are required to demonstrate the consistency in product quality for regulatory filings of antibody therapeutics. [6] [7] [8] [9] [10] Charge variants in mAbs are the result of multiple post-translational modifications and process-related degradation events, such as deamidation, oxidation, sialylation, incomplete N-terminal or C-terminal processing. 7, [11] [12] [13] Charge-based separation techniques such as ion exchange chromatography (IEX) and capillary isoelectric focusing (cIEF) are commonly used to monitor these variants. Charge variants are referred to as acidic or basic species, as compared with the main species. Taking cation exchange chromatography (CEX) as an example, acidic variants are variants that elute earlier than the main peak and basic variants are those that elute later than the main peak. The elution order is reversed in anion exchange chromatography (AEX). In cIEF, acidic species are variants with lower apparent pI and basic species are those with higher apparent pI. In general, for antibody analysis, good agreement can be found between these two techniques, but there may be subtle differences due to different separation mechanisms. IEX depends on not only the overall charge of the mAb but also surface charge distribution, which affects the interaction between the molecule and the column resin. cIEF, on the other hand, separates the variants based only on the overall charge of each species. The differences between IEX and cIEF for antibody analysis have been previously reported. 8, 11, 14, 15 Since an ADC is made from a mAb, analysis of ADC charge variants would be expected by a regulatory agency to assure its quality. Due to the high complexity in ADCs, development of appropriate analysis methods can be very challenging. 16, 17 There have been very few reports on chargebased methods for ADCs. cIEF 18 and capillary zone electrophoresis (CZE) 17 techniques have been described for charge variants analysis of ADCs. cIEF has gained its popularity in the industry for the analysis of an ADC since in general it allows for easier method development and gives a simpler separation profile compared to chromatographic techniques. New techniques, including microfluidic capillary electrophoresis-mass spectrometry (CE-MS) 19 and ultra-high voltage CE, 20 have also been developed for ADC analysis. Compared to electrophoresis-based techniques such as cIEF and CZE, IEX offers the capability of fractionation for further analysis of ADCs. However, the drugs on ADCs may affect the separation in IEX besides the charge heterogeneity on the antibody itself, since the mechanism of IEX involves interaction between analyte surface and stationary phase. This complexity of IEX for ADC analysis has been acknowledged in previous reports but was not well understood. 17, 18 Better understanding of how linker-drug affects IEX separation of ADC can help researchers choose suitable technique for charge variants analysis of ADCs and better use IEX as a tool to facilitate sample characterization.
Here, we analyzed three different ADCs and each drug load species isolated by hydrophobic interaction chromatography (HIC) by weak cation exchange chromatography (WCX) and compared the results with those from imaged capillary isoelectric focusing (icIEF). Selected WCX peaks from each ADC were further fractionated and characterized by non-reduced CE-SDS or peptide mapping to understand the factors that contribute to the WCX separation of ADCs.
Results
Purified E2 and E4 species E2 and E4 fractions in HIC were collected from the broad distribution mixture of ADC1 and ADC2 for further analysis. Each fraction was then re-analyzed by HIC to confirm the purity ( Figure 1 ). From HIC analysis, the E2 and E4 fractions purities are 98.7% and 90.2% for ADC1, and 96.5% and 91.7% for ADC2, respectively.
Weak cation exchange chromatography
Broad distribution of ADC1 and ADC2, purified E2 and E4 species of ADC1 and ADC2, along with mAb1 and mAb2 were analyzed by WCX. WCX elution gradients were optimized for each ADC. WCX results of mAb1 and ADC1 (E2, E4, and broad distribution) are demonstrated in Figure 2 . The charge distribution for ADC1 E2 and E4 is assigned based on the results from CE-SDS, which are discussed below. Percentages of charge variants of ADC1 tested by WCX are listed in Table 2 . From Figure 2a , only one major peak was observed for mAb1 with WCX, which was the main species of this mAb. Acidic species and basic species are labeled on the two sides of the main peak as demonstrated in Figure 2a . Comparing Figure 2b with Figure 2a , ADC1 E2 showed a similar profile to mAb1, but with an earlier elution time under the same gradient. An additional peak that eluted at 13.5 min (labeled as F1) was observed before the main peak for ADC1 E2, which was identified as acidic species and is discussed below. ADC1 E4 and ADC1 broad distribution, on the other hand, showed a dramatically different profile in WCX compared to the mAb1 and E2 species ( Figure 2 ). Three major peaks were observed for ADC1 E4 in the WCX chromatogram ( Figure 2c ): two peaks eluted before the main peak of ADC1 E2, while one eluted at approximately the same time as the main peak. Note that there were less than 1% E2 species in the ADC1 E4 sample according to its HIC profiles. Thus, when we look at the WCX chromatogram of ADC1 broad distribution sample (Figure 2d ), the most intense peak near 14.5 min could be a mixture of at least three components: 1) main peak of ADC1 E2; 2) the second main peak of E4 species; and 3) a portion of the acidic species of mAb1. Likewise, other peaks in the ADC1 broad distribution could also be mixtures of different charged species. WCX analyses of mAb2 and ADC2 (E2, E4, broad distribution) are demonstrated in Figure 3a -d. The WCX pattern was similar: E2 profiles looked similar compared to the mAb with shift in retention time; E4 as well as broad distribution gave very different chromatograms compared to mAb and E2 species. Comparing the chromatograms in Figure 3 , again they demonstrate that WCX peaks for ADC2 with broad distribution could be mixtures of different charged species (e.g., acidic, main, basic species) from species with different drug loads (e.g., E0, E2, E4, E6, E8).
In order to identify major charge variants, WCX fractions were collected for ADC1, ADC2 and their HIC purified E2/ E4, followed by CE-SDS and MS analysis.
Capillary electrophoresis-sodium dodecyl sulfate (CE-SDS) analysis of WCX fractions
Under denaturing but nonreducing condition in CE-SDS, an ADC conjugated through interchain disulfide bonds dissociates into fragments based on the conjugation site, as illustrated in Table 1 . WCX fractions collected from the E2 and E4 species of ADC1 and ADC2 were subjected to nonreduced CE-SDS for analysis. Due to sample complexity, WCX fractions were not collected for ADC samples with broad distribution.
As an example, CE electropherograms of ADC1 E4 and its three WCX fractions are shown in Figure 4 . Figure 4a illustrates the three WCX fractions collected for ADC1 E4. During the conjugation step, certain interchain disulfide bonds in this ADC were reduced to create free cysteines. Once an interchain disulfide bond breaks, it can no longer hold the ADC together under a denaturing condition, such as the CE-SDS condition. As a result, the ADC broke into fragments in the CE-SDS analysis. As demonstrated in Table 1 , an E4 species can generate four possible positional isomers, E4 AA , E4 HH , E4 AH , and E4 HA . Under the CE-SDS condition, E4 AA breaks down into fragments of L and HH; E4 HH into LH fragments; E4 AH and E4 HA into L and LHH. E4 AH1 and E4 AH2 are not distinguishable by non-reduced CE-SDS. For ADC1 E4, five fragments were observed by non-reduced CE-SDS: L, H, LH, HH, and LHH. The most abundant fragments observed were L, LH, and HH, indicating E4 AA and E4 HH are the most abundant components in ADC1 E4, which is consistent with literature reports. 2, 3 Fragment LHH can be contributed by E4 AH /E4 HA and certain impurities with lower drug load, such as E2 and E3. Fragment H can be from impurities with higher drug load, such as E5. CE electropherograms of the three WCX fractions of ADC1 E4 are demonstrated in Figure 4c -e. In both Fraction 1 and 2, L and HH fragments dominated, indicating that both fractions contained mainly positional isomer E4 AA . The dominance of fragment LH in Fraction 3 indicated that Fraction 3 contained mainly E4 HH . E4 AH was hardly seen, which is consistent with previous literature reports. 2, 21 Non-reduced CE analysis results of E2 and E4 species along with their WCX fractions for ADC1 and ADC2 are listed in Table 3 . It is obvious that Fraction 1 and 2 of ADC1 E4 are more closely related to each other than to Fraction 3. Fragments from E4 AA dominated in Fraction 1 and 2, while fragments from E4 HH dominated in Fraction 3. The CE results clearly demonstrated that the positional isomers of ADC1 E4 were separated by WCX. In addition, both Fraction 1 and 2 have similar composition (mainly E4 AA ) despite the fact that Fraction 1 eluted earlier. Based on this result, Fraction 1 was assigned as the acidic form of E4 AA for integration purposes, and the integration result was compared with that from the icIEF test. Both Fraction 2 and 3 are considered as the main peaks of sample ADC1 E4 since they represent two different positional isomers.
For ADC1 E2, only L and LHH fragments ( Figure S1 ) were observed in Fraction 1 by CE so there was mainly E2 A . However, the signal intensity was low in CE analysis due to the low concentration of Fraction 1; peak area percentages were thus not calculated. Fraction 2 was taken from the main peak in ADC1 E2. The CE result of Fraction 2 was compared against the result of overall ADC1 E2 sample to determine if there were any significant changes in fragments. Fraction 2 and the overall ADC1 E2 showed very similar fragment profiles, mainly L and LHH fragments from E2 A . Since both Fraction 1 and 2 represented positional isomer E2 A , Fraction 1 was assigned as acidic form of E2 A for comparison with the icIEF results. The amount of LHHL fragment was very low in CE (5.4% by peak area), which was mainly contributed by E2 H . E2 H was not resolved in the WCX chromatogram of ADC1 E2.
For the E4 species of ADC2, non-reduced CE identified Fraction 1 as E4 AA and Fraction 2 as E4 HH . For the E2 species of both ADCs, fragment distributions between the overall E2 sample and the fraction of the main peak are very similar, where mainly fragments from E2 A were observed. The non-reduced CE results of E4 species and their WCX fractions in Table 3 demonstrated the capability of WCX to separate positional isomers in ADCs.
This further complicates the scenario in WCX separation of ADCs, as each positional isomer should have its own acidic and basic forms. For example, for the E4 species of ADC1 and ADC2 we tested, part of the acidic species in E4 HH could coelute with the main peak of E4 AA. The separation of positional isomers in ADCs also explains why the WCX profiles of the three ADCs with broad distribution were so different from the profile of the mAb from which they originated. For a neutral linker-drug, such as maleimidocaproyl-valine-citrulline-monomethyl auristatin E (mc-vc-MMAE), the WCX separation of an ADC with broad distribution was not only based on the number of drugs loaded, but also on the conjugation sites. A charged linker-drug, such as one containing MMAF, could further complicate the analysis by WCX. As a result, the peak compositions of an ADC with broad distribution separated by WCX are highly complex, and nearly every peak is a complex mixture of different charged species (acidic, main and basic) from certain positional isomers. Therefore, the percentage of the acidic and basic species detected by WCX for an ADC may not represent its true content of charge variants.
Imaged capillary isoelectric focusing
icIEF was used to profile the charge variants in mAb1, ADC1, and its fractions. icIEF results are demonstrated in Figure 5 . 4 M urea was used during sample preparation for better reproducibility. In Figure 5 , mAb1 and three ADC samples showed similar charge variants profile with similar pI values. Percentages of charge variants of ADC1 tested by icIEF are listed in Table 2 . The pI values of the main peak in the mAb and three ADCs remained very close, which indicated that the majority of linker-drug mc-vc-MMAE was uncharged, and Table 3 . Peak area percentages of fragments detected by non-reduced CE-SDS analyses for E2 and E4 species of ADC1 and ADC2 as well as their WCX fractions (WCX fractions of ADC1 E2 and E4 species were labeled in Figure 2 and those for ADC2 E2 and E4 species were labeled in Figure 3 ). barely changed the charge of the mAb before and after conjugation. In icIEF, the percentages of acidic species increased with increasing drug load, which are 21.4%, 27.6% and 33.8% for mAb1, ADC1 E2, and E4 species, respectively. Compared to the results from WCX (22.0%, 25.8% and 24.1% for mAb1, ADC1 E2, and E4, respectively), the trend, and particularly the percentage of acidic species in E4 species, are quite different. As reported in literature, 22 linker-drug mc-vc-MMAE could undergo succinimide ring hydrolysis and increase the acidity. In theory, with the increasing number of linker-drug per antibody, going from mAb1 to ADC1 E2 then to E4, the percentage of acidic species should increase in the order of mAb < E2 species < E4 species without other causes to change the charge distribution of the ADCs. Therefore, the results from icIEF agree more with the theoretical trend. Note that icIEF data of ADC1 with broad distribution was also easy to understand, as demonstrated in Figure 5d .
Sample

LC-MS peptide mapping of WCX fractions from ADC3
ADC3 was also analyzed by both WCX and icIEF, and its WCX profile was further characterized by peptide mapping. WCX and icIEF profiles for ADC3 look very similar, as illustrated in Figure 6 . However, the two peaks in the acidic region showed different abundance when assessed using two different methods. In Figure 6 , F1 and F2 in WCX were 13.0% in total by peak area, while A1 and A2 in icIEF accounted for 26.6% in total. Since ADC3 was a high purity ADC carrying two drugs at specific sites, the difference between the WCX and icIEF results was not caused by different drug loads or positional isomers. In order to understand the causes of charge variants in WCX, four fractions (as indicated in Figure 6 ) were collected during WCX analysis of ADC3 followed by LC-MS peptide mapping to check the charge-related modifications on mAb3 sequence and linker-drug. Based on the results, an asparagine deamidation on a peptide (peptide1) that contains an NG spot was the main contributor to acidity of F1 and F2 in WCX. As described in the methods section, we applied a low pH enzymatic digestion process to minimize deamidation artifacts in ADC3 from sample preparation. The levels of deamidated and non-deamidated forms in four fractions are illustrated in Figure 7 . Other modifications such as deamination on other sites, oxidation, linker-drug hydrolysis, and off-target conjugation sites were also examined by peptide mapping. Based on the peptide mapping results, there was no significant difference between F1 and F2 considering chargerelated modifications and positional isomers.
Discussion
Here, we investigated WCX for its application in characterizing the charge variants of three ADCs. Significant differences were observed between mAb and ADC in WCX analyses with neutral linker-drug conjugated (Figures 2 and 3) . The non-reduced CE-SDS results of WCX fractions in Table 3 indicated that WCX was capable of differentiating positional isomers in the ADCs analyzed in this study under native condition. Comparing HIC and WCX analyses of ADC1 and ADC2, HIC was effective in separating different drug load species of an ADC (E0, E2, E4, E6, E8), but it was not always able to differentiate positional isomers. On the other hand, WCX demonstrated good selectivity towards positional isomers, but species with different drug loads could not be completely resolved. The unique selectivity of WCX demonstrated the potential of WCX to purify ADC positional isomers for in-depth studies.
Our results demonstrated that separation of ADCs in WCX mainly depends on three factors: 1) charge heterogeneity on the antibody, 2) drug load distribution, 17 and 3) the conjugation sites. For the two mc-vc-MMAE-conjugated ADCs (Figures 2 and 3) , WCX exhibited limited resolution towards different drug loads, but good selectivity for positional isomers. As a result, multiple components in an ADC may coelute during WCX separation, especially for ADCs with higher drug load or broad distribution. This complexity potentially compromises the WCX's capability to quantify charge variants in ADCs.
The separation mechanism in IEX is complex. Although the primary driving force for separation is the difference in charge (overall charge and surface charge distribution), other types of interactions, such as hydrophobic interaction, hydrogen bond, and van der Waals interactions, can also lead to separation in the absence of charge differences. 11, 23, 24 The linker-drug mc-vc-MMAE in ADC1 and ADC2 does not carry a net charge. In Figure 2 , ADC1 E2 and E4 species eluted earlier than mAb1, and the major peaks of ADC1 E2 and E4 were not obviously broader than the major peak in mAb1. Therefore, the hydrophobic interaction introduced by linker-drug (mc-vc-MMAE) was not significant on the TSKgel CM-STAT column, as hydrophobic interaction would usually delay elution and broaden the peak. 25, 26 There were other effects introduced by the linkerdrug that reduced the overall retention. Our hypothesis is that mc-vc-MMAE linker-drug may change the surface charge distribution on ADCs by interfering with the interactions between the amino acids around the conjugation sites and column stationary phase, and thus reduce the retention of the ADC. Comparing the two major peaks in ADC1 E4 (Figure 2 ), E4 AA peak (F2) eluted earlier than the main peak in E2, while E4 HH (F3) and E2 main peak had a similar retention time. This indicated mc-vc-MMAE linker-drug conjugated in the arm region (between the light chain and heavy chain) had a bigger impact to reduce the overall interaction between ADC1 and the WCX column than linker-drug conjugated in the hinge region (between two heavy chains), probably due to the higher solvent accessibility in the arm region. 1, 3 Similar trends were observed for ADC2 in Figure 3 .
icIEF profiles of ADC1 and ADC2 were consistent with their mAb profiles, which indicated linker-drug (mc-vc-MMAE) did not substantially interfere with the icIEF analyses. As a result, different profiles of the same ADC samples were observed between WCX and icIEF techniques. Even for ADC3, an ADC with controlled conjugation sites, a minor difference was still observed between WCX and icIEF analyses ( Figure 6 ). Since no major differences in deamidation and other modifications were observed between the first two WCX fractions (F1 and F2) by peptide mapping, other factors such as conformation change may lead to the separation of F1 and F2. Furthermore, based on our experiences, linker-drugs that carry charges can further complicate both WCX and icIEF profiles of ADC.
Traditionally, IEX results match well with icIEF results for mAbs, allowing better understanding of charge variants profile. 6, 13, 27 However, the work shown here reveals that developing an IEX method with results aligned with icIEF results can be challenging for ADCs. Alternatively, novel techniques such as MS-compatible IEF 28 or 2D-CE 29 have emerged to aid interpretation of ADC charge variants.
Moreover, platform methods have increasingly drawn interest in the biopharmaceutical industry, with the goal of leveraging prior knowledge to accelerate CMC programs. Although IEX has been routinely used to analyze mAbs, it may not be practical to use the same method for an ADC. More considerations should be given to the specific properties of the compounds for method development. We hope our work brings some awareness to the ADC community of the need to select suitable techniques to analyze and characterize charge variants of ADCs.
Materials and methods
Materials
Three ADCs (ADC1, ADC2, and ADC3) were produced from three full-length humanized IgG1 monoclonal antibodies (mAb1, mAb2 and mAb3, respectively) developed within AbbVie. ADC1 and ADC2 have broad distribution and share the same linker-drug (mc-vc-MMAE). E2 and E4 (Table 1 ) fractions were collected for both ADC1 and ADC2 HIC for further analysis. ADC3 is a high purity E2 ADC (carrying two drugs) consisting of mAb3 and an AbbVie proprietary payload conjugated via a maleimide group.
Hydrophobic interaction chromatography
HIC was used to profile the drug distribution of each ADC, and to confirm the purity of E2 and E4 fractions. Samples were injected onto a butyl-NPR column (4.6 mm x 3.5 cm, 2.5 µm, Tosoh Bioscience, King of Prussia, PA) and eluted with a gradient of mobile phase A (1.5 M ammonium sulfate in 25 mM sodium phosphate, pH 7.0) and mobile phase B (25 mM sodium phosphate pH 7.0:Isopropanol = 75:25). Flow rate was 0.8 mL/min, and column temperature was 30°C. An Agilent 1100 series HPLC system (Agilent Technologies, Palo Alto, CA) equipped with a diode array detector (DAD) was used. Signal was monitored at 280 nm.
Weak cation exchange chromatography
An Agilent 1200 HPLC system with DAD and a fraction collector (Agilent Technologies, Palo Alto, CA) was used. A TSKgel CM-STAT (4.6 x 100 mm, 7 µm, Tosoh Bioscience, King of Prussia, PA) was used for WCX analysis. Mobile phase A was 20 mM MES, pH 6.5 and mobile phase B was 20 mM MES, 500 mM NaCl, pH 6.5. Gradient at a flow rate of 1.0 mL/min under 25°C was used to elute the sample and was varied for different ADCs. WCX fractions of ADCs were collected based on the retention time for further characterization. Signal was monitored at 280 nm.
Capillary electrophoresis-sodium dodecyl sulfate
The ADCs and their WCX fractions were analyzed under denaturing and nonreducing conditions using a Beckman Coulter PA 800 Plus CE instrument (Beckman Coulter, Brea, CA). All reagents were from PA 800 plus IgG Purity/ Heterogeneity Assay Kit and the method was used as described by the manufacturer. Briefly, about 100 ug ADC standard or 10 µL WCX fraction solutions diluted in 5 µL 500 mM iodoacetamide and sample buffer (not less than 50 µL) with final volume of 100 µL was heated at 70°C for 10 min. A bare-fused silica capillary with total length of~30 cm, an inner diameter of 50 µm, and outer diameter of 375 µm was used for the separation and signals were monitored by a DAD at 214 nm. Sample was separated at −15 kV with reverse polarity. Peaks were assigned by their elution time as compared with elution times of intact antibody and light chain and heavy chain of fully reduced antibody. The peak elution order followed increasing molecular weight as light (L), heavy (H), light-heavy (LH), heavy-heavy (HH), lightheavy-heavy (LHH), and intact mAb/ADC (LHHL).
Imaged capillary isoelectric focusing
A Protein Simple iCE3 instrument (Protein Simple, San Jose, CA) was used for the icIEF analysis of selected mAbs and their corresponding ADCs to compare with WCX analysis. mAb and ADC samples were analyzed following standard method from ProteinSimple using 50/50 Pharmalyte 3-10 (GE Healthcare, Little Chalfont, Buckinghamshire, UK)/ Pharmalyte 8-10.5 (GE Healthcare, Little Chalfont, Buckinghamshire, UK). pI marker 8.18 and 9.77 were used to mark the pI range and urea was added in the sample to a final concentration to 4 M. The final protein concentration was around 2 mg/ml for each sample. For each icIEF analysis, sample was focused for 1 min at 1500 V followed by 10 min at 3000 V.
LC-MS peptide mapping
The charge variant fractions of ADC3 were collected from WCX separation and analyzed by LC-MS peptide mapping. Fractions were first desalted and concentrated through an Amicon centrifugal filter (Millipore Sigma, Burlington, MA) to around 10 mg/ mL. A previously reported method was followed for enzymatic digestion. 30 Briefly, reduction was conducted by adding 10 µL of ADC3 fractions to 140 µL of 10 mM TCEP in 6 M guanidine hydrochloride and 250 mM sodium acetate at pH 5.0 and incubating at 37°C for 15 min. The reduced ADC was then buffer exchanged to digestion buffer, which is 20 mM TrisHCl and 0.5 mM TCEP at pH 7.0. After that, 10 µg of Trypsin/LysC was added into reduced protein with 2-h incubation at 37°C. The digested WCX fractions of ADC3 were analyzed by an Acquity UPLC coupled to a Synapt G2 Si mass spectrometer (Waters, Milford, MA). Data analysis was performed by UNIFI software (Waters, Milford, MA). MS response derived from UNIFI was used for quantification of peptides and modified peptides. 
